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include axial conduction as opposed to a previously developed program which
excluded axial conduction and as the results of the two programs approached one
another as the Re increased, it is reasonable that the previous program (as it
it is based on parabolic, not elliptic equations as in the present case) could
be implemented with little error expected due to the lack of axial conduction.

In the case of the blockage, however, because of small mass flow in the blockled
region, the axial conduction is important and the present program must be used.
Effects of variable or constant eddy diffusivity, wall boundary conditionms,
position of blockage and effective thermal conductivity of the solid are inves-
tigated.
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Abstract

The purpose of this work was to mathematically model the heat transfer

in an active packed bed heat exchanger and to develope an apypropriate num-
erical scheme for the solution of the temperature field., As active packed
beds are beinq considered for use in nuclear reactors, concern is generated
as to whether regions of relatively high temperatures will develope. “uch
conrern is the impetus behind the application of our program to two appli-
cations concerning heat transfer in packed beds assuming (i) variable por-
osity of the Brosilow type and assuming (ii) the existence of blockages.

The results show that for the case of a packed bed with the
porosity distribution the so-called hot spot occurrs near the wall of the
bed, Its magnitude and position were seen to be strongly affected by the
assumed velocity profile and wall boundary conditions, In addition as the
proposed mathematical equations include axial ~onduction as opposed to a
previously developed program which excluded axial conduction and as the
results of the two programs approached one another as the Re increased, it
is reasonable that the previous program, (@as it iz based on paraboli-, not
elliptic enuaticns as in the present case), could be implimented vith
little error expected due to the lack of axial conduction,

In the case of the blockage, however, because of small mass flow
in the blocked region, the axial conduction is important and the present
program must be used, Effects of variable or constant eddy diffusivity,
wall boundary conditions, position of blockage and effective thermal con-

ductivity of the solid are investigated,
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. Tatroduction

cat exc anters “cave diversified uscs in industry, T.e traasfcr of
icat to a flowin~c meduium; the storaje of heat; and ¢ emical reseneration
are a few such uses, More specifically, packed bed heat exc angers offer
the advanta—se that larze rates of heat/chemical transfér can take place in
a relatively small volume, A packed bed is typically a collection of small
spieres, (however various shapes are possible), housed in a cylindrical
tube in such a manner that the spheres' positions are stationary; see
fioure 1. Small, tishtly packed particles are what yield the high surface
to volume ratio, 6¢(1-€)/Dp ; thereby resulting in good eat transfer
properties., Such an advantage is why packed beds, wvith elements coated
with fissionable material; were considered as likely candidates for use
as nuclear reactor cores,., In fact, plants usins such packed beds as reactor
cores, are in operation presently,

One concern, however, with the application of packed beds in nuclear
reactors, is the existence of regions where temperatures can achieve sig-
nificantly higher levels than tie rest of the field, Such concern stems
from the fear that agreater-than-disigned-for temperatures can arrise in
these regions and may impare the safe operation of tie facility., These
rejions of relatively high temperatures arrise from two principle causes:
(i) because of the nonuniformity of the porosity distribution,&, regions
of relative minima in € develope where relatively large heat transfer rates
occurr between solid and gas, (thereby resultinz in hisher temperatures),
and (ii) because of blockazes that may develope as a result of a) the
retention of dust or foreign matter or b) of the breakage of particles due
to possible trermal stresses, higher temperatures may result as well,

It would therefore be useful to be able to mathematically model the
problem of heat transfer in a bed of active particles where variations in
the porosity occurr or blockages exist, and subsequently develope a numerical
technique for distributions, Such is the purpose of this work,

The paper will be divided into six chapters: the mathematical state-
ment of heat exchange in an active packed bed; numerical approach used for
the solution; optimization and verification of numerical approach; study
of the formation of hot spots due to variations in the porosity distri-

bution; study of formation of hot spots due to blockages; and summary of
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important results and conclusions,
1. Mathematical Statement of the Problem

The first choice that must be made in modelinzy heat transfer in a

packed bed is whether to enforce the conservation of enercy hy considerinz

the ~as/solid mixture or by considerinz the gas and solid separately; i,e.,

to consider a one phase or two phase system. A two phase approach is

chosen for this work, In addition, as variations in the 68 direction are

agssumed to be zero, an axis-symmetric, two~dimensional system is used.
The pair of differential equations, conserving energy in the pas

and solid state respectively, are derived in appendix A, The results arer

conservation of energy in the gas:

1ep)d T2 o . D o2y 1.0 . ,¥Tg, _ N
(I.)(f«Cp)bx + (fVCp)bbr Py (kg.bbx ) - r ¢ (vkg* >t ) = hy-(Ts - Tg)

L%, conservation of energy in the solid:

2. - 5% (ks*.bg—i ) - % b{} (r-ks*-bgf) = hy+(Tg = Ts) + Q' (1 -¢&)

The bagic assumptions are enumerated in appendix A, ks* and kg* are
effective thermal conductivities, It is left to express these quantities
in terms of their molecular counterparts ks and ks, kg¥ is given as in
reference (1): k¥ =&.ko + P-Cp-E. This form is identical, save for ti
factor €, to what the effective thermal conductivity becomes when one
assumes an eddy diffusivity, associated with the Reynolds stresses in the
averaged turbulent momentum equation, that is defined analogously as
is defined for the viscous stresses ® in the Navier-Stokes equations,

kg* has an additional term, F.Cp.E, which takes
account of the heat dissipated by the turbulent flucuations, We take ks*
as: ks* = (1 -¢)+-ks, However, this form for ks* only takes account of
the gross effect that porosity may have on the effective thermal con-
ductivity, It fails to consider that heat conducted through the solid
phase really depends upon the number of contact points between spheres in
a given region, Given that conductivity based on the number of contact
points 1s hard to define, we use the above-mentioned expression for ks*,
It is important to notice that these expressions for kg* and ks* take
account of the fact that not all of the surface of any given face of V

(the differential volume in appendix A,), is entirely available to either

- e -~ —e - B i i e e~ o e e
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the conductive energy flux of the 7as phase or of the solid phase. This
is expressed by the terms €k~ and (1 -€)-ks,

In the construction of the differential equqtions, we make the
assumption that the porosity '"at a point'", based on an infinitesgsimal
volume element, is the same as what would be given if the porosity were
based on any planar side of the infinitessimal volume element; i,e,, at
a given point, & based on volume, is equal to € based on area, However
talking about porosity defined at a point is rather misleading; for,
given a point at r,8,x, strictly speaking the porosity is either zero or
one, Therefore the porosity is discontinuous and the application of
partial differential equations is invalid, But, as our partial differ-
ential equations do not incorporate variations in the 8 direction, we
may, hypothetically anyway, average out the variations of € in the 8
direction, Assuming such a function could be experimentally derived,
this yields a continuous function in x and r, See figure 2, for a
clarifying illustration, A function in r that we use in much of our

calculations is as given in reference (3):

4 0 RT r_ RT T vy
(3J)E=04 +0.3 Ezg (-3.5r(55 (1 - RT)) + cos (6.28 (Dp a - RT)))
Exp (~0.8 (5; - -ﬁ)))

Equations (1.) and (2.,) form a coupled elliptic system for the un=-
known temperatures Tg and Ts. Therefore Diriclet, Neumann and/or.-mixed
boundary conditions must be specified for both the solid and sascous
temperatures, completely around the boundary, The boundaty conditions

used are:

d1s

(x =0, r): Tg = To} 3% " 0, or Ts = To

(x, r = RT): =-kg* %E% = hgw'(Tg—- Ta) ; -ks*zE$§ = hg,,*(Ts - Ta)

.
(x = HT, r):b§E=bg—:=o
(x, r=0):b§§=b§%=o

In passing, the other parameters used in (1,) and (2.) include hy, the
volumetric heat transfer coefficient which governs the rate of heat trans-
fer between solid and gas, and Q' the rate of heat production per unit
solid volume,

The boundary conditions at the inlet reflect (i) that the gas enters
at a known temperature and (ii) that the solid could also maintain this

temperature or could assume, as the fas and solid temperature fields do

W T e T e @ S 4 e
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at the exit, what we believe the more realistic condition that the normal
derivative of the temperature is zero, The boundary conditions at the long-
itudinal axis simply reflect an assumed symmetry property. The boundary
condition at the wall is a mixed one, Setting hgy/kg* and hg,/ks* equal
to zero or a very large number, an adiabatic or an isothermal wall condition,

respectively, is enforced,
2. Numerical Treatment of the Problem
In preparing (1.) , €2.) and (4,) for numerical treatment, it is

conenient to non-dimensionalize them beforehand. Using the expressions:

x* = x/HT, r* = ¢/RT, U* = U/Vo, V* = V/Vo, T = Tg/To, ® = Ts/To,
Pr = MCp/kg, Re = vo-RT/Y , Nu = h-Dp/kg, ks* = (1 -&)-ks,
kg* = €'kg +F-CpoE

we get the following non-dimensional equations and boundary conditions°

=1_.RT -1 _RT .
¢ -1 8T o
(HT ~ Re-Pr HT? (bx* bx* (E/\))))%;* +
Vi _=LRL 2% | o (g L (e+Pr-(Ej)-RT. AT _
( " Re-pr RT2 Gr* T P ppe AN - e TR R ) o
—(—'E'L—'l T e - D)

Re.Pr -
cRT (1 -€) -RT_(1 -¢) 29

(6.) 412 "R pe (ks/kg) T P ,(ks/kg)%_*z +

—-RT___ & ks /k 6_
HT2-Re-Pr ((;s/kg) ox* (1 -e)dS.é_L&l bx*
— BT __((32% - A=) (ks/kg) - (1 -5)6Mﬁl)b._ -
RT“:Re .Pr br or* =
6l ~€) gy BL (g . RT-Q% (1 -¢)

oo N e (T - 8) + Re Pr ke To

(7. (x*=0,r*):T=1,§ =0or8 =1

(x*, r* = 1): (hgw-RT/kg*) (T - Ta/To)

(x* =

(x*, £* = 0): g_r-* =g;*

Such a system of equations and boundary conditions must in general be

-b
g— (hsw'RT/kS*) «(6 - Ta/To)
: 3L, =82 L o

solved numerically, A constant space grid that is used is indexed below:

PR Sy e e -




writing (5,) and (6,) symbolically as

-AAIL %2 - CClb—:‘* + Uk QT

*+Vlg—*+HT=H9
32 e 28 0

-aa2%50 2-cczb*z+u26x*+v2&*+ﬂ-e=u-'r+q
and given the finite difference expressions,

&L s = 1y j + Tij-1)/DR?

dr»x271j = (Tij+1 = 2 Tij 1j-1

& - + ) /DX

bx*z)ij (Ti+1j - 2 Tij + Ti-13)/DX

<§-*>13 (Tij - Ti-1j)/DX

(%E*)ij = (Tij+1 - Tijgl)/Z-DR, simimarily for @, one can derive

the following difference equations for T and 8:

-ccl vl ccl, L ul 001
(8) Tiyoy Cpr? = 7o) + TS (2(—"2'DX +or% tox T *Tign (27
AAl
8ty (1) = T1-1j (OxZ —‘) + T4 (_ﬂx )
-ccz ce2, 12 o, -CC2
9.) 8ij-1 ( 3. DR) + 8ij (Z(D(" DRZ) + DX D+ 81341 == DRZ

AA2 | U AA2
- Tyy (W) =601y (57t ) 8141y (5720 + Q1j

One could consider, in the solution of (8,) and (9,), that temperatures
at all nodal points are unknown values, But as this would lead to the
inversion of an extremely large, sparse matrix, an alternate method
should be found, The problem in employing any alternate scheme is the
existence of the terms in (8.) and (9,) contributed by the axial con-
duction; namely Ti+13 and 84{4]1j . If the temperatures along row i are
to be solved for, then guessed values must be assumed for these terms.
An iterative procedure is clearly called for. This is the complication
introduced by the elliptic nature of the equations,

Assuming that all temperatures are knowm in the kth iteration at
all grid points up to and including the (i- 1)SE row and in the (k-1)St
iteration in t e ith row and above, t e coupled differenced equations
(13.) and (9.) are applied to the temperatures in the 1t row of grid
points for all j, A special type of matrix equation is obtained whose
form is shown in figure 3, Employing an efficient subroutine to solve
this matrix system for Tij and 813 alonq row i, t:ese values are sub-

sequently "over-relaxed" by the use of a met :od which employs the

V1
2-DR

V2
Z-DR

) -

)
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following formulas:

(Tipe = (Tijdg-1 + "S- UTiPdmaerix = (Tyjly-y)
PFipdk = Pijk-1 + 8+(P ) pacrix - ©ij)k-1)

Tais procedure is termed relaxation by lines and is used to accelerate

t ‘e convercence of the solution method. WS is called the over-relaxation
factor, ghose value is typically between 1 and 2, As we proceed to the
next row, we can use the newly updated values of the itl row in our
calculation of tie values in the (i+1)3%t row as given by the matrix eg-
uation. Proceeding in this manne~ throuzh the bed one can check whether
the larqest error between iterations satisfies some error criterion. 1f
not, one must start the process acain, repeating as many iterations as
necessary so as to obtain convercence,

As a final note, it may have been observed that the finite difference
expressions used for b: in derivine (3,) was a first order, one-sided
difference expression; unlike the central difference eauation for g% .

T.e reasonin" for t»is lics in te asscrtiou that for hish eno:j: Re te
first derivative term in equations (5,) is significantly sreater in
magnitude than other terms, and, according to reference ( 4), to avoid
numerical instabilities in the solution as well as enhance the accurracy
of the solution, the one-sided, or upwind, differencing scheme should be

applied to

employed to a—:— . Unfortunately the upwind differencing scheme was also
g% . As no relative welghting with respect to Re exists be-

tween the first and second derivative terms in equation (2,), the rational
for using the upwind scheme fi5p g% was inappropriate for use on [ R
Therefore it was inconsistent to apply upwind differencins to 2; and

it is possihle that the solutions obtained were not as accurrate as could
have »een odtained usiur central differencin~ on 22 ; however t'e
discrepencywould be small and would have no implications on conclusions

to bHe drawn,
3, Optimization and Verification of Numerical Method

This chapter concerns 1itself with the actual implimentation of the
numerical method in obtaining solutions with the purpose of minimizing
the number of iterations necessary for convergence and tlie comparison of
the actual results with those zenerated bya priviously established num-

erical proceedure which ignores axial conduction, Besides the usual
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~eometric and physical/thermal properties of the gas and solid, the porosity,
the velocity field, the Nusselt number and eddy diffusivity, E, must be
specified in order to generate a solution, 1i'sing a reasonable value for

Nu; setting F to zero; and as required by the analytical solution ,

assuminn the velocity and porosity are constants, (I'//Vo = 1 and = 0,4),

the numerical proceedure as presented in this paper was applied, As for
boundary condition, the 3as and solid were assumed at a <given temperature

at a aoiven temperature at the inlet as well as at the wall,

Althou~h the discretization method as described by equations (3,) and
(9.) wvas found to be quite satisfactory, in our first attempts to achieve
a solution, an alternate method was also considered, This alternate
method is equivalent to employing (3,) and (9.) except that the nodal
temperatures multiplyinz the coefficients Ul, U'", V1, V?, were considered
at the (k-l)sc iteration, The obvious superiority of the method represented
by (?,) and (9.) is reflected in figure 4 , The advantages are shown in
two ways: (i) a much lower number of iterations is necessary for con-
vergence and (ii) the first method is less sensitive to changes in WS than
the second, What may also be seen in figure 4. is an agreement with the
assertion that for an elliptic equation with constant coefficients, the
WS that results in the minimum number of iterations, lies between 1 and ?,
This is seen to hold even for a variety of Re.

The method of calculation having been established, it remains, as a
further check, to compare the results of the numerical solution presented
here, (assuming constant porosity, velocity and an isothermal wall con-
cition), to those results given by an associated numerical solution
which has already been developed and which ignores axial conductiom,

This numerical proceedure is based on the parabolic mathematical equations
which one obtains when axial conduction is ignored. Such a system has

the numerical advantage that the solution can be found directly without
iteration, The results of the numerical solutions for a Re of five thousand
are shown in figure 5. In addition, the results of the previous num-

erical solution ignoring axial conduction; are compared to an analytical
solution which ignores axial conduction by construction as well and which
can be generated in terms of Bessel functions, This comparison is almost
exact, As the difference between the numerical proceedures is the in-

clusion of axial conduction, it follows that the difference in the num-

S g e
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erical results is due to the conduction of heat in opposition to the dir-
ection of the flow, Looking at the non-dimensional equation (5.), one

sees that the product Re*Pr determines the relative importance of the con-
vective terms relative to the conductive terms. Therefore as the Re in-
creases, one would expect that the diffusive terms play an increasingly
less significant role and as ficure 6, shows, that the numerical solutions
swould aprroach one another, Thus for ReePr down to agout "50 the solution
~iven by the numerical proceedure includinn axial conduction should approx-
imate the numerical solution excluding axial conduction to within 17 .

This implies that there exists, for given parameters, a Re, above which the
simpler parabolic system of equations can be used; and below which the
more complex elliptic system must be employed, However, as seen in figure 7.,
this relative error does not exhibit a uniform distribution, but is a
function of the position of the bed., The result that the relative maxima
of error occurr near the exit and near the wall of the bed, can be ex-
plained by figure 8. . Figure 8, shows that the second derivative of the
gas temperature is highest near the bed exit and near the bed wall; and
therefore one would expect that in these regions the relative discrepency
between the numerical solutions would be greatest,

It is seen, therefore, that the numerical proceedure described in this
paper can be optimized in the sense that the number of iterations are min-
imized, by keeping WS between 1 and 1,2 ., In addition, the agreement
between the results of the numerical approach presented here and the results
of the numerical proceedure which ignored axial conduction, being shown
to become better as the Re increases, serves to justify that the program

is operating properly.

4, Study of the Formation of Hot Spots Due to
Variations in the Porosity Distribution

In order to better simulate the local properties of a packed bed
and its heat transfer characteristics, experimental expressions for the
porosity, given as equation (3,), for the local Nusselt number, given in
appendix Cl, and expressions for parabolic and turbulent superficial vel-
ocity profiles are used, The expressions used for the velocity profiles
are given in appendix C2 and are graphed along with the porosity and
Nusselt number distributions in figures 9, and 10, respectively, The
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oscillatory variation of the porosity is a resuit of the influence of the
wall containing the packed bed, The porosity is 1 by definition at the
wall and as the center is approached the porosity becomes a constant
value, (typically 0.4 for a lightly packed random bed), Figure 11, shows
the gas temperature obtained at the exit of the bed for a constant velocity
profile and type (i) boundary conditions; (see »eclpw ). The oscillatory
variations observed are due to the variations in the pérosity distribution,
This can be explained by realizing that regions of relatively low porosity
are reqgions of hinh spherical density and therefore regions where hish
heat transfer rates between the solid and the gas exist, The dashed line
in figure 11, , is the numerical solution given by the program that ignores
axial conduction, It shows good agreement with the present solution,
Figures 12, and 13, show the solution obtained at the bed exit for assumed
turbulent and laminar velocity profiles respectively., Type (i) boundary
conditions are used here also. Again the oscillatory variations are due
to the local variation in porosity; but, in addition, due to the fact that
the velocity is greater than the mean, up to a certain distance from the
center, and is less than the mean nearer the wall, the cooling affects of
the fluid are more efficient nearer the center than nearer the wall, There-
fore the relati-re maxima in the temperature profiles are due to both the
relative minima of porosity that occurr near the wall and to the inefficient
cooling in this region. It should be mentioned that E was assumed zero in
these cases involving figures 11,, 12,, 13, .

Assuming a turbulent velocity profile, figure 14, presents the re-
sulting gas temperature distributions for a variety of boundary conditions,

The boundary conditions used are defined as follows:

type "~ ({): Ts(O,r) = To, Ts = Tg(x,RT) = Ta
type (ii): %%i (0,r) = 0, Ts = Tg(x,RT) = Ta

type (iii): T: (o,r) = 0, %rf_ -)ff (x;RT) =0 ;

other boundary conditions remain as previously described

and are the same for each of these cases,

It can be seen that by changing from a type (i) to a type (ii) boundary
condition, the temperature profile of the gas increases yet keeps the
general shape of the isothermal case and that the position of the hot
spot has kept the same position, With the introduction of the type (iii)

)g‘.‘i\“ e
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boundary condition, the opportunity for heat to be passed through the wall
is lost,. Therefore, as expected, the temperature profile is raised even
further. In addition, the hot spot is moved significantly closer to the
wall,

It should be mentioned in passing, that as with the results in figures
11.,°12,, and 13, the dashed line in figure 14,, is calculated using a Nusselt
number bgsed on the mean Re; whereas the other curves ih figure 14, are
calculated using a Nusselt number based on the local Re. The shift to a
local Nu slightly raises the temperature profile due to the fact that the
local Re (and therefore the local Nu), is greater than the mean Re,

(mean Nu), for most of the radial dimension., This allows a larger heat
transfer between the solid and the zas which raises the resulting temper-
( ature profile.

Earlier, the results of the numerical technique developed in this paper
compared to a previously established numerical technique, (ignoring axial
conduction), which in turn was seen to be identical to an associated ana-
lytical gsolution, The results of the numerical proceedures were seen to
approach one another as the Re increased, This implied that the numerical
proceedure including axial conduction was implimented properly. To attempt
to justify the numerical results, one must compare them with experimental
ones. Such experimental work was done at the Von Karman Institute and
is discussed in reference (5). Using their given data, numerical cal~
culations were made, The experimental and numerical results appear in
figure 15, . As the temperatures are scaled with respect to the hot spot

(_ temperature, only the predicition of the position of the hot spot can be
made and not its magnitude, Considering that the experimental data was
in the form of a temperature map of the bed exit and that one necessairly
must choose the radial profile to compare his numerical results with,
(the radial profile through the hot spot of the bed exit was taken)
and that one cannot expect the porosity of the experimental packed bed
to be the same as that used in the numerical program, that the numerical
results rather successfully predicted the radial position of the hot spot
as well as the profiles' general shape, cap be inferred, An additional
point should be mentioned concerning figure 15, . As the bed height 1is
increased, the level of temperature at the exit is raised and therefore
the:.greater .the heat loss through the wall, This accounts for the inward

movement of the hot spot,
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Tt is seen, then, that the variation in porosity introduces hot spot
regions that exist close to the wall of the packed bed and that assumed
parabolic or turbulent velocity profiles amplify the magnitude of these
hot spots, 1In addition, the affect of employing adiabatic wall conditions
tends to increase even more the temperature of these regions,

As a final point, the results presented in fighures 14, and 15,,
unlike fi~ures 11,, 12,, 13,, were calculated using a value of 20 for the
modified Peclet number, Pef, This value, dependent upon the Re and the
ratio Dp/RT, is obtained from the ex:erimental data given in reference (1).
Because, (i) the value of Pe' determines the eddy diffusivity, E, which
in turn contributes to the effective thermal conductivity kg*, and (ii)
the greater the value of kg¥*, the greater the dissipative capacity of the
gas is to damp out rapid temperature variations, it is important to be
able to represent Pe' satisfactorily if one wants to predict the magnitude
of hot spots, As an example, the calculated curve of figure 15,, for
HT/Dp = 10, is repeated in figure 16. and compared to a solution calculated
from the same data save that the Pe' is very large, (therefore implying
E=0).

As the assumed axial velocity profile, or for that matter the "true"
local mecan axial velocity profile, would not be expected to show fgreat
variations in the radial dircction,which would cause relatively large
eddy diffusivities to arrise, the ugse of a constant E seems reasonable,
However if one assumes a blockage exists, large perturbations in the flow
field would result; thereby causing large gradients and therefore larger
eddy diffusivities, In addition, as there would be little mass flow in the
vicinity of the blockage, the conductive terms would become the main heat
transfer process, whatever the bulk Re. Therefore only the application of
the numerical proceedure including axial conduction, as presented here,

would be justified,
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5, Study of the Formaticn of ot 5pots

Nue to the Presence of “lochanes

-

Tn the oneration of a paclicd bed hieat exchanger, a blociase concicvanly
ni~ht restlt from the retention of dust/foreinn matter beinn convected by
the 7as. In the renion of the blockage, both the inefficient coolingy by

the 7as and the heating of the dust surrounding the actlve spheres, would
lead to the formation of a hot spot, The blockage, itself, is introduced
into the program as a resion of the relatively low porosity of 0.1 . OQut-
side the blocked rezion the porosity is 0.4 . To avoid large aradients,

a linear variation in the porosity between the blockage and the rest of the
bed is used, See figure 16, for a clarifying illustration, The local vel-
ocity vector, (axial and radial components), is calculated by a program

that solves the non-dimensional form of the Ergun equation, Refer to ref-
erence (6 ) for the equation and examples if its applications, The velocity
field, for the case of the blockage, is shown in figure 17, . As expected
the flow tends to be diverted around the blockage, thereby leaving the
blocked region with little mass flow through it,

Unlike the previous cases where E was assumed constant over the entire
field, we would expect relatively large velocity gradients in the case of
the blockage and therefore regions of higher eddy diffusivities. A velocity
gradient model relating E to the velocity field is used and is explained
in appendix D,

Using the velocity gradient model for eddy diffusivity, the above
definition for porosity, the Nusselt number expression in appendix Cl and
the calculated velocity field, temperature distributions were obtained
for a variety of cases,

Figure 13, shows axial and radial gaséous temperature curves for
constant as well as variable E, using an isothermal wall condition. It
must be mentioned that in calculating the variable eddy diffusivity dis-
tribution from the velocity field, an arbitrary constant multiplying the
vector: - components of E, Ex and Er, was adjusted so that the vectoral sum
of the average Ex and the average Er over the entire bed mesh, was such
that the effective Pe' calculated from this mean value, matched the Pe'
given in reference (). As figure 13, shows, the presence of a blockage
causes a signigicant temperature peak in the radial profile and effects

an acceleration in the, what would otherwise be a linear temperature profile,
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The variable E solution gave larger cstimates of peak temperatures than

the constant E solution, This can be explained by noting in figure 19, that
in the region of the peak of the radial temperature curve, the E estimated
by the variable model is much lower than the mean bed value, Hence less
turbulence and less efficient cooling is the result and therefore the var-
iable E model will give greater temperatures., Identical arguments can ex-
plain the discrepency between the axial temperature préfiles of figure 13,
when one notes that as with the upper curve in figure 19,, the lower one
shows that the variable E is much less than the mean value in the region

of interest,

As mentioned in chapter , the expression ks* = (1 -§&)-ks, does not
take into account that ks* really depends on the number of contact points
between spheres rather than exclusively on the porosity, One would expect,
then, that ks* would in reality be somewhat less than that given by the
above expression. Figure 20, shows the radial temperature at the bed exit
for the same blockage case as treated before, (given as dots (#)), and
compares this result with those profiles calculated by assumming subse=
quently lower values of ks, Because of increasing resistence to conductive
heat flow, the model predicts subsequently larger peak temperature valucs
as ks decreases,

The affect of employin~ a type (iii), adiabatie, wall condition as
opposed to an isothermal one, has virtually no affect on the character-
istics of the mid-bed radial profile, as exemplified by the upper curve
in figure 21, ., Not only is this ineffectuality in changing péak temper-
ature values true at the mid-bed position, but it is true for the entire bed,

The lower curve in figure 21, shows that as the blockage is moved
closer to the bed exit, the temperature peak at the bed rises accordingly,
This brings up the immediate concern that temperature peaks may develope
inside a packed bed with a blockage that may exceed the temperatures
realized at the bed exit; and as it is difficult to determine temperatures
inside an operating packed bed heat exchanger, these temperatures may go
undected, The results from which the lower curve in figure 21, was derived,
Justify this concern; for as the blockage is in either the lower, middle,
or upper position, the maximum gascous temperature in the blocked region
attains 89,5%, (at % = 0,47 HUT¥, 95.5%, (at x = 0,63 HUT) and 99,9%, (at

x = C,"0 HT), of the maximum value of the exit temperature respectively,
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It is therefore seen, then, that the introduction of blockages into
packed beds, result in large peaks in the temperature field distribution,
By using a velocity gradient model for the eddy diffusivity, I, the temper-
ature peaks have been hicher than might have otherwise been expected had a
constant E been used, These hot spots may attain higher values, still,
if one assumes that the effective thermal conductivity of the solid is lower
than that given by the assumed expression. The magnitude of these peaks,
in addition, are functions of the position of the blocked region; and it
was seen that the possibility definitely exists that the magnitude of hot
spots may be greatest inside the bed, itself, and therefore difficult

to detect,
6. Summary and Conclusions

Envisioning the use of an active packed bed in a nuclear reactor,
the concern of hot spot development due to porosity variation or due to
the presence of blockages, is raised, It would be useful, therefore, to
be able to calculate the resulting temperature field assuping that these
porosity variations or blockages occurr, To that end, a two phase axis-
symmetric mathematical model for heat transfer in an active packed bed
was proposed, As axial conduction is considered, the resulting equations
are elliptic and if calculations are to be done efficicntly, thesc equaticns
must be solved by an iteration proceedure, A method of over-relazuat.on b
lines was employed and whose arbitrary coefficient of relaxation was chosen
so as to approximately minimize the number of iterations needed for con-
vergence, A numerical proceedure, which ignores axial conduction, which
was shown essentially identical with an associated analytical solution,
gave results which approached the numerical values of the present program
as the Reynolds number increased, As the relative difference between
the two solutions was on the order of 3-47 for low Re and decreased to
approximately 1% for moderate Re, the results of the numerical solution
were verified.

Concerning the case where variable porosity is assumed, it was seen
that temperature peaks developed close to the bed wall, The position and
maonitude of these hot spots was secn to be a strong function of the assumed
velocity profile, the bed height, as well as the boundary conditions at the
wall, The present solution was also seen to be in close agreement with

the results of the previous program which ignores axial conduction, It is




1
(st
1

in this respect that the following is proposed., For as most industrial
uses insure Re of sufficient magnitude to assure that the inclusion of
axial conduction would give temperatures of 90-95% of the ones given by the

program excluding axial conduction and as the elliptic equations involve

more complicated, time-consumming methods, it would perhaps be more efficient

to base a design method on a mathematical model ignorinz axial conduction,
keeping in mind that the results are to some degree an ﬁpper limit to the
"actaul temperatures'., This concept of the questionable usefulness of the
inclusion of the axial conduction, however, cannot be applied to the case
where blockages are present,

As demonstrated, even for relatively large bulk Re, the mass flow in-
side the blockage itself was small and therefore, in the blocked region,
heat transfer by conduction will play the major role., The blockaze intro-
duced a substantial peak in the radial temperature profile.through the
blockage itself. The overall maximum temperature, however, was still at
the bed exit; even though it was approached by the maximum blockage temp-
erature as the blockage moved downstream, It bears looking into the pos~
sibility that the maximum blockare temperature may exceed the maximum exit
temperature by effecting changes in the position and size of a blockage.

As a final point, it was mentioned that the actual ks* may be lower
than assumed, It was demonstrated that by lowering ks* the peak of the
radial exit temperature profile was raised, It would therefore be useful
to investigate the true nature of ks* so as one could place more certainty
on vhether a proposed design for the operation of an active packed bed is

acceptable 1f one assumes the presence of a blockage,
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A1)~ CTL/DRIDPEY I %32 /7DR
BifJ)):s2 «{ 3R/ DX/DE«TCI/7DR/ADRI+H+UI*BRRA/DX+VI D /DR
1D -CT1/DR/DP4Y L *TI/DR
D10 2=H
ETC)0z8A1« 8 121,00+ 0181300/ D5/28 U1 RBI¥QJICINLI, ID+TR*di{TFP1 .
J2urnX
CENTPoL DICFERENCING FOR THETA X AND THETA R
2g=0
Bo=0
cg=0 <
€9=0 ¢
AR=~-0.5
A%=-0.95
A2(J)=~CC2/DR/DREY2%AS/DR
82(2)=2 «{2302/,DX% f”“*&C”/D‘ /DRDI+H+UZ*BR/DX+Y22xR2/DR
C24I)=~CT2/0R/DREY2LS/DR
D2(Jd2=H
ETC)sqAZ*{ W20 TP, +u2(INt, D)/ DN/DN-U2 I AS*I20IM], J)+¢082020 1P,
J23/0DX 48
TONTINUE
ST COSFFICIENTS 50 A% TO 3aTIEFY SUUNDARY CONDITICNS
21620=B1{2)+R1(2)
22(2Y=R212+R202
S1CNIDYTRIANIDX+CIONIDAL L DR *RTHRNGU)
E1ONTOTELINTIDY-CLANIDEDRART«RNGUATR/LTOXC!  ¢DFERTERNGY DD
B2(N1IIzR2INTY+C2CNL /¢, €¢DRaRTHRPHIW)
C2CNIYTEZONTII-CP{NIDEDR¥RT*FHIW*TR/{T0*%0 ]  +DR&BT&RNTWI)D
VTE SJLUTION TECHNIQUIE YO SOLYE COQURPLED TRIDIAGONARL SYSTEM
ZALL TRISZRBRY (HNMIX,300N1,S3S0LNH2D

ATION TECHNIQUE IHN QFROER TQ UPDARTE UNKNOQWN VALUESR

1
bo 20 J=2,H1

SHNL=HL L, I+ UR el B0LNEL D=0 1CT 00 .
SHZZWZLI, I+ UTH{SOLN20 YD -w20Td 22
ERRI=ARST{SYI-SOLNICIYD
ERRZ=ARGISYZ-SOLNI{IID
DTi=DT1+ERR1/G
DT2=DT2+ERRZ/G
MeXINUN ERRQCS IN THE HET AND ITS P2SITION
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CONTINUE
DO 2T J=1,NMAX
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B2(1,3)={DYsHT*PNSO+H2(2,0D0)2/(1 +DX«HTH*RNE0D
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dRITE 102,400 DTL,DT2
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02= § 00350020 RT= 0.05980000 HT= 0.1
DINS= 1Z11E¢0Q1 vyi1sco= . 1330E-C4
GX= ¢.02300 §K= Q.7300¢C g= 2992
TEX= 20. 0 TG=13%. 090
= 31 N= 31 NF= 100 NG=
ODYER RILAXATION FACTOR= 1 .03 TEST=
NJUG = «sxxsxs QU5 = 0.00
NIYS = erxxvxsx Q¥s = ¢.00
BLOKRGE 1+
PAINAD = 0.103 PYAXAQ = 0.400
I1t1ac = 11 1220 = 21 JILRD = 11 J4AQ =
B_OKAGE 2+
PMINAL = . 100 PMAXALl = 0.400
11iat = S 12281 = 350 J11AL = 50 J4AL =

JA9NuXx= 200 EPS= 0.0201 Zi= 1427€E+00 R

K= 1 X=30 R=2¢ ERRMAX1I= .261211E-0! X=30 R=Z6
ERRAYG1= . 13738cE-01 ERRAVYG2= . 149187E-0O1
K= 2 X=20 R=10 ERRMAX1= .124416E-01 x=30 R=14
ERRAYS1= 498161E£-02 ERRAVG2= .6728663E-02
K= 3 X=§19 R=15 ERRMAX1= .926781E-02 X=30 R=}4
ERRAYGYI= .311554E-02 ERRAVYG2= 383%633E-02
K= 4 X=18 R=16 ERRMAX1=  &61278E-02 X=18 R=1¢
ERRAYGI= . 170721E-02 ERRAYGR2= 2140979E-02
Kz 3 X=18 R=16 ERRMAX1= . 430993E-02 X=18 R=16
ERRAYG1e . 101622E-02 ERRAVYGZ=  [24733E-02

= 6 X=18 R=16 ERRMAXiI= .299358E-02 X=18 R=13%
ERRAYG1= . 611704E-03 ERRAYG2= . 7439203E-03
K= 7 X=18 R=105 ERRMAX1= _193599E-02 X=18 R={5
ERRAYG1= .376413E-02 ERRAYG2= .453293€-03
K= 8 X=18 R=13 ERRMAX1= . 125934E-02 X=18 R=1%
ERRAYG1= . 234520E-03 ERRAYG2= .280629E-03

K= 3 X=18 R=19 ERRMAX1= .819206E-03 X=18 R=13
ERRAYG1= . 1474351E-03 ERRAYG2= 1756 11E~-03

K= 10 X=18 R=13 ERRMAX1= .52642BE-03 X=18 R=13
ERRAYG1= .932289%9€-04 ERRAYG2> .110667E-03

K= 11 X=18 R=13 ERRMAXi= .337601E-03 X=18 R=13
ERRAYGL= .592473E-04 ERRAVGZ= .701482E-04
EFFECTIVE E= .469SE-03

TENPERATURE DISTRIBUTIONS FOR THE GAS AND SOLID

ogaoooQ
RET= 4000.00 PR=
22 28
20
0.01
21
30
NS O= .000C0E+D0 ALPHA=
ERRMAX2= 243571E-01
ERRMAX2= 1433735E-01
ERRNMAX2= .%263020E-02
ERRMAX2=  86731JE-02
ERRMAX2= .430230E-0Q2
ERRMAXZ2= . 3I02026E-02
ERRMAX2x 196648E-02
ERRMAX2= 127602E-02
ERRMAX2z . 823021E-03
ERRMAXZ2= 52928B9E-03
ERRMAX2= _339308E-03

1.00
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